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Detector-induced backaction on the counting statistics of a double quantum dot
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Full counting statistics of electron transport is of fundamental importance for a deeper understand-
ing of the underlying physical processes in quantum transport in nanoscale devices. The backaction
effect from a detector on the nanoscale devices is also essential due to its inevitable presence in ex-
periments. Here we investigate the backaction of a charge detector in the form of a quantum point
contact (QPC) on the counting statistics of a biased double quantum dot (DQD). We show that
this inevitable QPC-induced backaction can have profound effects on the counting statistics under
certain conditions, e.g., changing the shot noise from being sub-Poissonian to super-Poissonian, and
changing the skewness from being positive to negative. Also, we show that both Fano factor and
skewness can be either enhanced or suppressed by increasing the energy difference between two
single-dot levels of the DQD under the detector-induced backaction.
PACS numbers:
Current fluctuations in nanoscale systems provide key
insights into the nature of charge transfer beyond what is
obtainable from a conductance measurement alone (see,
e.g., Refs. 1 and 2 for recent reviews). An in-depth under-
standing, however, may require us to go beyond the first-
order and even the second-order current correlation func-
tions (corresponding to the average current and the shot
noise respectively) to study the full counting statistics3,4
which yields all zero-frequency correlation functions at
once. Real-time detection of the tunneling of individual
electrons, an important step towards experimental mea-
surement of the full counting statistics, has recently been
achieved in various QD systems5–7. In particular, since
its measurement in a single QD for the first time8, count-
ing statistics has become an important experimental tool
to examine interaction and coherence effects in nanoscale
systems under out-of-equilibrium conditions9–13. More
recently, counting statistics was applied to characterize
correlations in both classical and quantum systems14.
However, a pronounced effect known as backaction
on the counting statistics of electron transport2,15 is in-
evitably introduced during measurements made by even
most noninvasive detectors such as a quantum point con-
tact (QPC)16. Very recently, such backaction has been
investigated experimentally in a single QD16,17. In con-
trast to a single QD, a double quantum dot (DQD)18
involves coherent coupling between two different dots,
and therefore can be used to demonstrate prominent co-
herent effects19. The counting statistics for DQDs has
been studied theoretically20 and experimentally only for
noise properties21,22. In a DQD measured by a QPC,
both the current and the shot noise of the QPC have
been previously investigated23–26. In addition, for a zero-
bias DQD, the effect of charge-detector-induced backac-
tion was studied theoretically27 to explain experimental
observations of inelastic electron tunneling28. However,
to the best of our knowledge, the impacts of charge-
detector-induced backaction on the full counting statis-
tics in these QD systems have not yet been studied.
Here we investigate the counting statistics of electron
transport through a biased DQD under measurement by
a charge detector. We demonstrate that this inevitable
backaction can indeed have profound effects on the count-
ing statistics under certain conditions for the DQD. In
particular, it can change the nature of the shot noise
from being sub-Poissonian to super-Poissonian and also
change the skewness from being positive to negative.
Moreover, we show that when the energy difference be-
tween two single-dot levels of the DQD increases, both
Fano factor and skewness can be either enhanced or sup-
pressed under the detector-induced backaction. These
QPC-backaction-induced effects are expected to be ex-
perimentally observable with currently existing technolo-
gies. Apart from a deeper understanding of experimen-
tal observations, this study may also shed light on how
to control these QD systems using the backaction of a
charge detector.
Results
We focus on a setup consisting of a lateral DQD, which
is coupled to the source and the drain electrodes, and
measured by a nearby QPC [see Figure 1(a)]. The lat-
eral DQD is formed by properly tuning the voltages ap-
plied to the corresponding gates. Here we consider a
Coulomb-blockade regime with strong intradot and in-
terdot Coulomb interactions, so that only one electron is
allowed in the DQD system. The states of the DQD are
represented by the occupation states |1〉 and |2〉, denoting
one electron in the left and the right dots, respectively
[see Figure 1(b)].
The total Hamiltonian of the whole system can be writ-
ten as
H = HDQD +Hleads +HQPC +HT +Hdet, (1)
where (we set ~ = 1)
HDQD =
ε
2
σz + Ωσx, (2)
2Hleads =
∑
s
(ωlsc
†
lscls + ωrsc
†
rscrs), (3)
HQPC =
∑
kq
(ωSkc
†
SkcSk + ωDqc
†
DqcDq), (4)
HT =
∑
s
[(Ωlsc
†
lsa1 +ΩrsΥ
†
rc
†
rsa2) + H.c.], (5)
Hdet =
∑
kq
(T − ζσz)(c†SkcDq + c†DqcSk). (6)
Here, HDQD, Hleads, and HQPC are, respectively, the free
Hamiltonians of the DQD, the electrodes coupled to the
DQD, and the QPC without the tunneling term. In the
DQD Hamiltonian, ε is the energy difference between
the two single-dot levels and Ω the interdot tunneling-
coupling strength. Also, we define pseudospin operators
σz ≡ a†2a2 − a†1a1 and σx ≡ a†2a1 + a†1a2, with a1 (a2)
being the annihilation operator for an electron staying at
the left (right) dot. cls (crs) is the annihilation opera-
tor for electrons in the source (drain) reservoir, i.e., the
left (right) electrode of the DQD, while cSk (cDq) is the
annihilation operator for electrons in the source (drain)
reservoir of the QPC with momentum k (q). HT gives the
tunneling-coupling Hamiltonian between the DQD and
the two electrodes where the counting operator Υr (Υ
†
r)
decreases (increases) the number of electrons that have
tunneled into the right electrode (via the barrier between
the DQD and the right electrode)29. These counting op-
erators are introduced to keep track of the progress of the
tunneling processes by successive electrons. Finally, Hdet
describes tunnelings in the QPC which depends on the
electron occupation of the DQD, owing to electrostatic
couplings between the DQD and the QPC. We define
T ≡ T0 − (ζ2 + ζ1)/2 and ζ ≡ (ζ2 − ζ1)/2, so that the
transition amplitudes of the QPC, when an extra elec-
tron staying at the left and the right dots, equal T + ζ
and T − ζ, respectively30.
A. Counting statistics.
To study the counting statistics of the electron trans-
port through a DQD system, it is essential to know the
probability P (n, t) of n electrons having been transported
from the DQD to the right electrode during a period of
time t. It is related to the cumulant generating function
G(χ, t) defined by2
e−G(χ,t) =
∑
n
P (n, t)eiχn. (7)
We consider the time interval t much longer than the
tunneling time of an electron through the DQD system,
so that transient properties (i.e., finite-frequency count-
ing statistics)31–33 are insignificant. The derivative of
the cumulant generating function with respect to the
counting field χ at χ = 0 yields the j-th cumulant, i.e.,
Cj = −(−i∂χ)jG(χ, t)|χ→0, where χ is a field conjugate
to n (see, e.g., Ref. 2). These cumulants carry com-
plete information on the counting statistics of the DQD
system. For instance, the average current and the shot
noise can be expressed as I = eC1/t and S = 2e
2C2/t.
Thus, the Fano factor F , which is used to characterize the
bunching and anti-bunching phenomena in the transport
processes, is given by F = S/2eI = C2/C1. The skew-
ness is defined by K = C3/C1, which characterizes the
asymmetric degree of the distribution of the transported
electrons around its mean value.
On the other hand, the probability-distribution func-
tion of the number of transported electrons can also be
expressed as
P (n, t) = ρn00(t) + ρ
n
gg(t) + ρ
n
ee(t), (8)
where ρnij(t) (i, j ∈ {0, g, e}) denote the reduced density
matrix elements of the DQD at a given number n of elec-
trons transported from the DQD to the right electrode
in time t. Here 0, g, and e denote the eigenstates |0〉,
|g〉, and |e〉 of the DQD, which correspond to no electron
staying in the DQD, one electron in the ground state,
and one electron in the excited state, respectively [see
horizontal solid lines in Figure 1(b)]. From equations (7)
and (8), we have
G(χ, t) = − ln
{∑
n
[
ρn00(t) + ρ
n
gg(t) + ρ
n
ee(t)
]
eiχn
}
= − ln [ρ00(χ, t) + ρgg(χ, t) + ρee(χ, t)]
= − lnTr[ρij(χ, t)], (9)
with
ρij(χ, t) =
∑
n
ρnij(t)e
iχn. (10)
Note that the reduced density matrix elements ρnij(t) in
equation (10) satisfy a master equation (see Methods)
and ρij(χ, t) are just the Fourier transforms of these ma-
trix elements20,22. Below we manage to obtain the cu-
mulant generating function G(χ, t) at a long time t.
Based on the master equation of ρnij(t), we can derive
the following equation of motion:
∂̺
∂t
= −M(χ)̺, (11)
with
3M(χ)=


ΓL −β2ΓReiχ −α2ΓReiχ 2αβΓReiχ 0
−α2ΓL β2ΓR+γex −γre −αβΓR−2ηγde 0
−β2ΓL −γex α2ΓR+γre −αβΓR+2ηγde 0
−αβΓL − 12αβΓR−ηγex − 12αβΓR+ηγre 12ΓR+2η2γde −∆
0 0 0 ∆ 12ΓR+2η
2γde−γex−γre

 , (12)
where ̺ ≡ (ρ00(χ, t), ρgg(χ, t), ρee(χ, t), Re[ρeg(χ, t)],
Im[ρeg(χ, t)])
T . Note that ρ0g(χ, t) and ρ0e(χ, t) as well
as their complex conjugates are decoupled from the re-
duced density matrix elements given above and therefore
are not included. In the matrix M(χ), α = cos(θ/2),
β = sin(θ/2), and η = cos θ, with tan θ = 2Ω/ε; ∆ =√
ε2 + 4Ω2, and ΓL(R) = 2πgL(R)Ω
2
lk(rk) is the rate of
electron tunneling through the barrier between the DQD
and the left (right) electrode. Here, gi (i = L, or R)
denotes the density of states at the left or the right elec-
trode of the DQD, which is assumed to be constant over
the relevant energy range. The QPC-induced excitation
rate γex, relaxation rate γre, and dephasing rate γde are
given by
γex = λ [Θ (eVQPC −∆) + Θ (−eVQPC −∆)] , (13)
γre = λ [Θ (eVQPC +∆) + Θ (−eVQPC +∆)] , (14)
γde = λ [Θ (eVQPC) + Θ (−eVQPC)] , (15)
where Θ(x) = (x + |x|)/2, and λ = 2πgSgDζ2, with gS
(gD) being the density of states of the source (drain)
electrode in the QPC. We also assume gS and gD to be
constant over the relevant energies34. Let Λmin be the
minimal eigenvalues ofM(χ) in equation (12). At a long
time t, the behavior of ̺(χ, t) is dominantly governed
by36–40
̺(χ, t) = e−Λmint̺(χ, 0). (16)
Therefore, we have ρii(χ, t) = e
−Λmintρii(χ, 0) at a long
time t. Then, it follows from equation (9) that the cu-
mulant generating function at both a small χ and a long
time t is given by
G(χ, t) = Λmint, (17)
because [ρ00(χ, 0) + ρgg(χ, 0) + ρee(χ, 0)] |χ→0 =∑
i
∑
n ρ
n
ii(0) =
∑
i ρii(0) = 1.
Note that the dephasing rate given in equation (15)
is proportional to the bias voltage of the QPC, which is
consistent with a previous study23. In addition, our ap-
proach is based on the Born-Markov approximation (see
Methods), which applies when the rates induced by the
backaction from the QPC are weak. With the transi-
tion rate of a single electron hopping from one reservoir
of the QPC to the other, we can use the Landauer for-
mula to obtain the transition probability23 and then have
gSgD = IQPC~/(2πT
2e2VQPC), where IQPC and VQPC
are the current and the bias voltage of the QPC with
the densities of states gS and gD at the source and the
drain reservoirs. Following a recent experiment reported
in Ref. 35, we take IQPC = 500 nA and VQPC = 0.5 meV
to determine gSgD. In addition, we choose ζ/T = 0.044
as in Ref. 30, so that the QPC conductance changes by
∼ 1% if the number of electrons in the DQD changes by
one35.
B. Detector-induced backaction under resonance
condition.
In order to obtain some compact analytical results for
the counting statistics, we first consider, for simplicity,
the resonance case where energy difference between two
single-dot levels is zero (i.e., ε = 0). For instance, the
charge current through the DQD is obtained as
I =
4eΓLΓR Ω
2
Ξ
, (18)
and shot noise is
S =
8e2ΓLΓR Ω
2f
Ξ3
, (19)
where
Ξ = ΓLΓ
2
R+4 (2ΓL + ΓR)Ω
2− 2ΓLΓR (γex + γre) , (20)
f = 16Γ2RΩ
4 + Γ2L
(
Γ4R − 8Γ2RΩ2 + 64Ω4
)
+ 4Γ2LΓR
× (γex + γre)
[−Γ2R − 4Ω2 + ΓR (γex + γre)] .(21)
Then, the Fano factor F ≡ S/2eI also follows straight-
forwardly.
From equations (18)-(21), it is clear that the charge
current I, the shot noise S, and hence the Fano factor F
depend on the excitation rate γex and the relaxation rate
γre induced by the QPC. These reveal the impacts of the
backaction from the charge detector. More importantly,
because of the nontrivial dependence of both γex and γre
on the applied voltage across the QPC [see equations (13)
and (14)], the presence of the charge-detector-induced
backaction can be experimentally checked. Note that in
the case of no backaction, where γex and γre in equa-
tions (18) and (19) are equal to zero, our results reduce
to the previous results obtained by other approaches41,42.
For simplicity, the temperature is here chosen to be zero
because it is extremely low in quantum-transport ex-
periments. Other parameters like the interdot coupling
4strength Ω and the tunneling rate ΓL are taken from the
experimental data21,22.
The charge current obtained from the cumulant C1 of
the counting statistics is calculated both with and with-
out backaction, and the results are presented in Figure 2.
When the backaction from the charge detector is taken
into account, we observe that the current through the
DQD is significantly enhanced as shown in Figure 2(a).
In particular, when |eVQPC| ≤ ∆, a plateau with a con-
stant current is observed [see, e.g., Figure 2(b)]. This
plateau corresponds to a regime in which QPC-induced
excitations is suppressed but there is still a constant re-
laxation rate contributed by the presence of the QPC, as
can be interpreted from equations (13) and (14). Phys-
ically, a critical energy ∆ exists for the QPC-induced
excitation of an electron in the DQD and is hence re-
quired to change the current27,28. Beyond the regime of
constant current, i.e., |eVQPC| > ∆, it is clearly shown
that in the region shown in Figure 2(b) the current in-
creases with the magnitude of the voltage applied across
the QPC in a nearly linear manner.
For the Fano factor F ≡ S/2eI, our results are given in
Figure 3. As shown in Figure 3(a), the nature of the shot
noise can be changed from sub-Poissonian (F < 1) to su-
per -Poissonian (F > 1), and vice versa, under the QPC-
induced backaction. Without backaction, e.g., when the
QPC is decoupled to the DQD, the Fano factor is always
smaller than one, i.e., sub-Poissonian, implying the anti-
bunching of electrons [see the dashed line in Figure 3(b)].
If QPC-induced backaction is considered but with a con-
dition |eVQPC| ≤ ∆, we find a plateau similar to that in
the current. As mentioned above, the electron transport
in this regime does not involve QPC-induced excitations.
Outside this plateau (i.e. |eVQPC| > ∆), the Fano fac-
tor increases with |VQPC|. For a sufficiently large bias,
we can get F = 1 [see Figures 3(b) and the solid curve
in Figure 3(a)], indicating that the electron transport
is uncorrelated in time and is described by Poissonian
statistics. Beyond this large bias, we have F > 1. Thus,
bunching of electrons in the transport through the DQD
occurs, resulting in super -Poissonian noise. Physically,
the effective tunneling rates for two eigenstate channels
are obtained as Γ
(g)
R = β
2ΓR+γex and Γ
(e)
R = α
2ΓR+γre
(see Methods). Without backaction, i.e., γre = γex = 0,
it follows that Γ
(g)
R = Γ
(e)
R under the resonance condition
(i.e., ε = 0) because of α = β. This corresponds to sub-
Poissonian noise (i.e., F < 1). For example, F ≈ 0.39
for the dashed line in Figure 3(b). When the detector-
induced backaction is included, i.e., γre, γex 6= 0, the ef-
fective tunneling rates become unequal (i.e., Γ
(e)
R 6= Γ(g)R )
even if α = β under the resonance condition. This in-
creases F but F is still smaller than 1 for small values
of |eVQPC|. However, when |eVQPC| further increases,
it enhances γre and γex [see equations (13) and (14)],
i.e., the relaxation and the excitation. This makes the
two effective tunneling rates more asymmetric, yielding
F > 1 (i.e., super -Poissonian noise) at large values of
|eVQPC|. Therefore, the change of shot noise from being
sub-Poissonian to super -Poissonian is due to the effect
of dynamical blocked channels43–45 induced by the QPC
backaction.
We also numerically calculate the skewness K =
C3/C1 (see Figure 4). As demonstrated in Figure 4(a),
the skewness can be changed from being positive (K > 0)
to negative (K < 0), and vice versa, under the QPC-
induced backaction. Here K = 0 corresponds to a sym-
metric Gaussian distribution of electron tunneling, where
the tunneling of the larger number of electrons in a given
time duration occurs with the same probability as the
tunneling of the smaller number of electrons, with re-
spect to a mean value. For K > 0 (K < 0), the
distribution of electron tunneling becomes asymmetric
with the tunneling of the larger number of electrons in
a given duration occurring with a higher (lower) proba-
bility. Without backaction, the skewness is always pos-
itive [see the dashed line in Figure 4(b)]. When QPC-
induced backaction is included but with |eVQPC| ≤ ∆, a
plateau similar to that in either current or Fano factor
appears. In this region, QPC-induced excitations are not
involved in the electron transport. Outside this region
(i.e., |eVQPC| > ∆), the skewness can be either positive or
negative, depending on the values of ΓR and |eVQPC| [see
Figure 4(b) and the regions surrounded by solid curves
in Figure 4(a)]. This indicates that the distribution of
transported electrons can deviate from the Gaussian in
an opposite way.
C. Detector-induced backaction under
off-resonance condition.
Note that the QPC-induced dephasing is not discussed
above. This is because such dephasing with a rate γde
(= λ |eVQPC|) does not induce any transitions between
different states of the DQD. However, it is known that
dephasing produces broadening of the energy levels of the
DQD23, and then can affect the current. Indeed, in this
case, the resonance condition (i.e., ε = 0) may be vio-
lated. Below we numerically study the backaction effect
under the off-resonance condition (i.e., ε 6= 0) because
analytical results cannot be derived in this more general
case.
To investigate the effect of the energy difference ε on
the detector-induced backaction, we calculate the cur-
rent, the shot noise, the Fano factor, and the skew-
ness using the same parameters as in Figures 2(b) and
3(b). In Figure 5(a), the dotted curve shows the be-
havior of the current under the resonance condition (i.e.,
ε = 0). When the energy difference ε increases, the cur-
rent decreases [see the dashed and solid curves in Fig-
ure 5(a)]. Moreover, within the region |eVQPC| < ∆, the
current decreases with increasing |eVQPC| under the off-
resonance condition (i.e., ε 6= 0). Outside the region, i.e.,
|eVQPC| ≥ ∆, the current varies more nonlinearly with
the voltage VQPC, as compared with the current under
ε = 0. Physically, the increase of ε, e.g., from ε = 0
5to 0.2 meV, makes the electron tunneling between the
two dots more off-resonant, so the current through them
decreases23. In addition, the QPC-induced dephasing
can yield the broadening of the energy levels at a given
nonzero ε, which can further reduce the current23. The
effect of dephasing is contrary to the effects of excita-
tion and relaxation which increase the current [see equa-
tion (18)]. As a result, these two opposite effects compete
in the electron-tunneling processes at a given nonzero
ε. Within the region |eVQPC| < ∆, the dephasing effect
dominates, leading to a decreasing current with the in-
crease of |eVQPC|. Outside this region, i.e., |eVQPC| > ∆,
both relaxation and excitation processes play an impor-
tant role, so the current increases with |eVQPC|.
The results of the shot noise (i.e., S/2e) are shown in
Figure 5(b). The shot noise decreases with the increase
of the energy difference ε. At a given nonzero ε, the shot
noise decreases with increasing |eVQPC| within the region
|eVQPC| < ∆. Outside this region, i.e., |eVQPC| > ∆,
the shot noise increases with |eVQPC|. These behaviors
are similar to those of the current. From both current
and shot noise, the Fano factor is straightforwardly ob-
tained, as shown in Figure 5(c). When |eVQPC| is small,
the Fano factor increases with the energy difference ε.
However, for large values of |eVQPC|, Fano factor is sup-
pressed. Moreover, the Fano factor first decreases and
then increases with |eVQPC| at a given nonzero ε. These
behaviors can be deduced from the current in Figure 5(a)
and the shot noise in Figure 5(b) since F = S/2eI. Phys-
ically, the off-resonance electron tunneling between two
dots is enhanced when increasing ε. This off-resonance
makes the two eigenstate channels more asymmetric (i.e.,
Γ
(e)
R 6= Γ(g)R ) around the region |eVQPC| < ∆, and then
the Fano factor increases due to dynamical blockaded
channels43–45. For large values of |eVQPC| where backac-
tion becomes strong, the decrease of the Fano factor with
increasing ε may be due to the QPC-induced backaction.
The results of the skewness are shown in Figure 5(d).
For small values of |eVQPC|, the skewness increases with
ε. However, the skewness is suppressed when |eVQPC| be-
comes large. Also, the skewness first decreases and then
increases with |eVQPC| at a given nonzero ε. These be-
haviors are similar to those of the Fano factor, which also
indicate that the off-resonance electron tunneling domi-
nates for small values of |eVQPC| and the QPC-induced
backaction plays an important role for large values of
|eVQPC|.
Discussion
Note that in the strong Coulomb-blockade regime, we
only need to consider the lowest two energy levels of the
DQD. In this aspect, it is similar to the single two-level
dot in Ref. 45. However, the DQD are different from the
single two-level dot in other aspects. For instance, the
DQD provides more controllabilities than a single quan-
tum dot. It can be tuned by not only the two single-
dot levels of the DQD but also the interdot tunneling
strength via gate voltages. However, in a single quantum
dot, only the level spacing can be tuned by the trap po-
tential of the dot. Also, the electron transport through a
single quantum dot only involves the tunneling rates ΓL
and ΓR, while the electron transport through the DQD
involves the effective tunneling rates of the two eigen-
state channels, i.e., Γ
(g)
L = α
2ΓL,Γ
(e)
L = β
2ΓL,Γ
(g)
R =
β2ΓR + γex and Γ
(e)
R = α
2ΓR + γre (see Methods), which
depend on the energy difference ε of the two single-dot
levels and the tunneling strength Ω between these two
levels. As seen in Methods, both α and β are functions
of ε and Ω. Moreover, in our considered setup, the QPC
can induce excitation and relaxation as well as dephas-
ing on the electron that tunnels through the DQD [see
the interaction Hamiltonian in the eigenstate basis, i.e.,
equations (23), (25) and (26) in Methods]. This is also
different from a single quantum dot because the QPC
can only induce dephasing on the electron that tunnels
through this single dot8.
In summary, we have studied the unavoidable detector-
induced backaction on the counting statistics of a biased
DQD. We find that this backaction has profound effects
on the counting statistics, e.g., changing the shot noise
from being sub-Poissonian regime to super-Poissonian,
and changing the skewness from being positive to nega-
tive. We also show that when the energy difference be-
tween two single-dot levels of the DQD increases, both
Fano factor and skewness can be either enhanced or sup-
pressed under the detector-induced backaction. These
backaction effects can be experimentally examined by us-
ing the current technologies. Also, our results contribute
to possible fine manipulation of quantum transport pro-
cesses using the backaction of a charge detector.
Methods
Quantum dynamics of the DQD. We derive a mas-
ter equation to describe the quantum dynamics of the
DQD27, which is used to calculate the counting statis-
tics. In the eigenstate basis, the DQD Hamiltonian can
be written as
HDQD =
∆
2
(|e〉〈e| − |g〉〈g|), (22)
where ∆ =
√
ε2 + 4Ω2 is the energy splitting of the two
eigenstates of the DQD given by |g〉 = α|1〉 − β|2〉, and
|e〉 = β|1〉 + α|2〉, with α = cos(θ/2), β = sin(θ/2), and
tan θ = 2Ω/ε. In the interaction picture with the unper-
turbed Hamiltonian H0 ≡ HDQD + Hleads + HQPC, the
interaction Hamiltonian HI ≡ HT +Hdet can be written
as
Hdet = X (t)Y (t) , (23)
6HT(t) =
∑
s
[
c†ls(αage
−i∆t/2 + βaee
i∆t/2)eiωlst +Υ†rc
†
rs
×(αaeei∆t/2 − βage−i∆t/2t)eiωrst +H.c.
]
, (24)
where
X (t) =
3∑
n=1
Une
iωnt, (25)
Y (t) =
∑
kq
V †kq (t) + Vkq (t) , (26)
and U1 = ζ|e〉〈g|, U2 = ζ|g〉〈e|, U3 = T − ζ cos θ̺z, ω1 =
−ω2 = ∆, ω3 = 0, Vkq (t) = c†DqcSke−i(ωSk−ωDk)t. ae and
ag are annihilation operators for eigenstates |e〉 and |g〉,
respectively.
Applying the Born-Markov approximation and tracing
over the degrees of freedom of the QPC, the quantum
dynamics of the DQD system in the Schro¨dinger picture
is governed by the master equation,
ρ˙ (t) = −i [HDQD, ρ (t)] + Ldρ (t) + LT ρ(t), (27)
with
Ldρ (t) =
3∑
i,j=1,i6=j
{D [Ui] ρ (t) +D [Ui, Uj] ρ (t)}
×λ [Θ (eVQPC − ωi) + Θ (−eVQPC − ωi)] ,(28)
LTρ(t) = α2ΓLD[a†g]ρ (t) + β2ΓLD[a†e]ρ (t)
+α2ΓRD[aeΥ†]ρ (t) + β2ΓRD[agΥ†]ρ (t)
+αβΓL
{ [
a†e, ρ (t) ag
]
+
[
a†gρ (t) , ae
]
+
[
a†g, ρ (t) ae
]
+
[
a†eρ (t) , ag
] }
−αβΓR
{ [
aeΥ
†, ρ (t) a†gΥ
]
+
[
agΥ
†ρ (t) , a†eΥ
]
+
[
a†gΥ
†, ρ (t) a†eΥ
]
+
[
aeΥ
†ρ (t) , a†gΥ
] }
. (29)
Here, ρ (t) is the reduced density matrix of the DQD
system. The theta functions Θ (±eVQPC − ωi) appear
when tracing over the degrees of freedom of the QPC,
i.e.,
∫ µL
−∞
∫ +∞
µR
gSgDdωkdωq
∫ +∞
0
dτeiωτe−i(ωk−ωq)τ〈
c†SkcDqc
†
DqcSk
〉
= πgSgDΘ(eVQPC − ω), and
∫ +∞
µL
∫ µR
−∞
gSgDdωkdωq
∫ +∞
0 dτe
iωτ ei(ωk−ωq)τ
〈
c†DqcSkc
†
SkcDq
〉
=
πgSgDΘ(−eVQPC − ω), with eVQPC = µL − µR, where
µL and µR are the chemical potentials of the source
and drain electrodes of the QPC. For ω > 0, the
QPC-induced excitation occurs when |eVQPC| > ω [see
equation (13)]. For ω < 0 or ω = 0, the QPC-induced
excitation or dephasing occurs, respectively [see equa-
tions (14) and (15)]. The superoperator D, acting on
any single or double operator, is defined as
D [A] ρ ≡ AρA† − 1
2
A†Aρ− 1
2
ρA†A, (30)
D [A,B] ρ ≡ 1
2
(
AρB† +BρA† −B†Aρ− ρA†B). (31)
From equation (27) and the relations
〈n|Υ†rρΥr|n〉 = ρ(n−1), 〈n|ΥrρΥ†r|n〉 = ρ(n+1), (32)
〈n|Υ†rΥrρ|n〉 = ρ(n), 〈n|ΥrΥ†rρ|n〉 = ρ(n), (33)
where n is the number of electrons that have tunneled to
the right electrode of the DQD, we obtain the n-resolved
equation of motion for each reduced density matrix ele-
ment:
ρ˙
(n)
00 = −ΓLρ(n)00 + β2ΓRρ(n−1)gg + α2ΓRρ(n−1)ee
−αβΓR(ρ(n−1)eg + ρ(n−1)ge ), (34)
ρ˙(n)gg = α
2ΓLρ
(n)
00 −
(
β2ΓR + γex
)
ρ(n)gg + γreρ
(n)
ee
+(
1
2
αβΓR + ηγde)(ρ
(n)
eg + ρ
(n)
ge ), (35)
ρ˙(n)ee = β
2ΓLρ
(n)
00 + γexρ
(n)
gg − (α2ΓR + γre)ρ(n)ee
+(
1
2
αβΓR − ηγde)(ρ(n)eg + ρ(n)ge ), (36)
ρ˙(n)eg = −i∆ρ(n)eg + αβΓLρ(n)00 + (
1
2
αβΓR + ηγex)ρ
(n)
gg
+(
1
2
αβΓR − ηγre)ρ(n)ee − (
1
2
ΓR + 2η
2γde)ρ
(n)
eg
−1
2
(γex + γre) (ρ
(n)
eg − ρ(n)ge ). (37)
In particular, we obtain the tunneling rates for two
eigenstate channels Γ
(g)
L = α
2ΓL,Γ
(e)
L = β
2ΓL,Γ
(g)
R =
β2ΓR + γex, and Γ
(e)
R = α
2ΓR + γre.
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9Figure 1 The coupled QDQ-QPC system. (a)
Schematic diagram of a DQD coupled to two electrodes
(S and D) via tunneling barriers. A QPC used for mea-
suring the DQD electron states yields backaction on the
DQD. (b) Electronic transition between two eigenstates
|g〉 and |e〉 of the DQD (with a transition energy ∆) can
be induced by the charge detector QPC. The energy dif-
ference ε between the two single-dot levels (dashed lines)
can be varied by tuning the gate voltages.
Figure 2 Current under QPC-induced backaction
at the resonance condition. (a) Current I versus the
QPC bias energy eVQPC and the tunneling rate ΓR. (b)
Current I versus the QPC bias energy eVQPC for a given
tunneling rate ΓR = 0.15 meV. We use typical experi-
mental parameters Ω = 0.1 meV and ΓL = 0.05 meV
from Refs. 21 and 22.
Figure 3 Fano factor under QPC-induced back-
action at the resonance condition. (a) Fano factor
F versus QPC bias energy eVQPC and the tunneling rate
ΓR. (b) Fano factor versus the bias energy eVQPC for a
given tunneling rate ΓR = 0.15 meV. Other parameters
are the same as in Figure 2.
Figure 4 Skewness under QPC-induced backac-
tion at the resonance condition. (a) Skewness K
versus QPC bias energy eVQPC and the tunneling rate
ΓR. (b) Skewness versus the bias energy eVQPC for a
given tunneling rate ΓR = 0.25 meV. Other parameters
are the same as in Figure 2.
Figure 5 Current, shot noise, Fano factor and
skewness under QPC-induced backaction at the
off-resonance condition. (a) Current I, (b) shot noise,
(c) Fano factor F , and (d) skewness K versus the QPC
bias energy eVQPC for different values of the energy dif-
ference ε between two single-dot levels of the DQD. We
use a typical experimental parameter ΓR = 0.15 meV.
Other parameters are the same as in Figure 2.
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